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Glomerular filtration surface in type I diabetes mellitus. Previously we
have shown that relative glomerular mesangial expansion was an
important correlate of renal dysfunction in diabetes. To extend the
understanding of structural functional relationships, 37 patients with
type I diabetes mellitus for S to 33 years were studied with multiple
creatinine clearance (Cc.), urinary albumin excretion, and blood pres-
sure measurements, and percutaneous renal biopsies. Glomerular vol-
ume and percent scierosed glomeruli were determined; quantitiatve
stereology was performed to determine relative glomerular structural
parameters. Per glomerulus we calculated mesangial volume and cap-
illary filtration surface and per patient we estimated capillary filtration
surface. Capillary filtration surface per glomerulus or per patient were
highly predictive of C. (r = +0.78, r = +0.79, P < 0.001). There was
a significant but weak relationship between Ccr and mesangial volume.
However, mesangial volume and glomerular volume together were
highly predictive of both C and filtration surface. Mesangial volume
was increased and filtration surface decreased in the hypertensive
patients and the patients with urinary albumin excretion less than 250
mg/24 hr. Thus, it appears that mesangial expansion within a relatively
large glomerulus has less influence on filtration than does a similar
increase in mesangial volume within a smaller glomerulus. There is a
striking relationship between glomerular filtration rate and filtration
surface in diabetes throughout the range from hyperfiltration to signif-
icant hypofiltration.
Approximately 40% of patients with type I diabetes mellitus
will develop overt nephropathy [1, 21, this representing the
single most common cause of renal insufficiency in adults [3].
The natural history of diabetic nephropathy is characterized by
a long, silent phase where only subtle functional abnormalities
may be noted [4]. In those patients destined to develop renal
insufficiency this is followed, after a mean of 17 years of
diabetes, by the onset of clinical findings of proteinuria, hyper-
tension, and declining glomerular filtration rate (GFR) [4, 5].
The classic structural lesions of diabetic nephropathy including
nodular or diffuse glomerulosclerosis have been well character-
ized, but precise quantitative studies of structural—functional
relationships in the human diabetic kidney have only recently
begun to be explored. Osterby demonstrated glomerular base-
ment membrane widening in diabetic patients after only a few
years of diabetes [6]. Hirose et a! found a correlation between
glomerular filtration rate and glomerular ifitration surface in
short-term diabetic patients with increased GFR [7]. Thomsen
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et a! demonstrated a correlation between serum creatinine and
the percent of glomerular area occupied by mesangium as
determined by light microscopy [8]. We have recently described
in diabetic patients with a wide spectrum of renal functional and
structural alterations a strong inverse relationship between
creatinine clearance and fractional volume of mesangium, and
an equally strong direct correlation between creatinine clear-
ance and peripheral capillary filtering surface density [9]. How-
ever, most patients previously studied by us did not have
sufficient numbers of glomeruli on biopsy to measure glomeru-
lar volume. Since only fractional structural parameters could
then be determined, it was not possible to relate glomerular
function to actual glomerular structural parameters. Thus, the
influence of glomerular pathology on glomerular function could
only be inferred. The current studies were undertaken in order
to extend the understanding of these interrelationships.
Materials and methods
Subjects
Thirty-seven patients with type I diabetes mellitus were
evaluated in the Clinical Research Center at the University of
Minnesota. These patients ranged in age from 9 to 55 years
(mean: 29 years). The duration of diabetes ranged from 5 to 33
years (mean: 18) (Table 1). Seventeen patients had preliminary
fractional structural data reported previously [9] although
glomerular volumes and actual structural parameters were not
previously measured. Thirty-five patients were evaluated for
possible pancreas transplantation and two were studied prior to
the beginning of a strict glycemic control protocol. Serum
creatinine was less than 2.4 mg/dl in all subjects. Each subject
had two or three 24 hr urine collections for creatinine clearance
(Ccr) measured by standard laboratory procedures and for
urinary albumin excretion as measured by nephelometry using
the Beckman Kit [10]. Microalbuminuria was defined as a
urinary albumin excretion rate from 30 to 250 mg124 hr [11]. At
least 10 blood pressure measurements were made on each
patient over several days, and hypertension was defined by the
criteria of the Joint National Committee on the Detection,
Evaluation and Treatment of High Blood Pressure [12] and the
Task Force of Blood Pressure Control in Children [13]. Patients
who were receiving antihypertensive medications were defined
as hypertensive regardless of their blood pressure during eva!-
uation. A percutaneous renal biopsy was performed after ob-
taining informed consent from each subject or the responsible
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Table 1. Patient characteristics
Urinary Mesangial Capillary Average
Duration of Creatinine albumin volume/ filtering glomerular
Age diabetes clearance excretion Hyper- glomerulus surface volume
Sex yrs yrs ml/min mg/24 hr tension x106 jim3 x103 jim2 x106 p.m3
F 35 28 35 1812 yes 1.45 41 2.14
M 29 18 40 4900 yes 0.90 33 1.52M 27 19 40 2150 yes 1.12 144 2.53F 16 15 52 307 yes 0.47 74 1.18
F 26 16 59 2650 yes 0.53 65 1.23
F 25 21 60 410 yes 0.52 78 1.39F 24 23 61 110 yes 0.55 101 1.38
F 30 14 70 1476 yes 1.33 128 2.55
F 27 21 70 178 yes 0,34 104 1.19
M 27 20 76 2940 yes 1.08 95 2.02
M 26 24 78 459 yes 0.70 125 1.73
F 37 21 78 46 no 0.48 100 1.35
F 27 14 79 3 no 0.29 25 0.65
F 38 22 81 1368 yes 1.12 146 2.44
F 26 22 85 12 no 0.22 118 1.12
F 30 12 87 543 yes 0.78 82 1.52
F 35 29 89 12 no 0.31 118 1.02
F 29 18 94 133 no 0.41 82 1.36
F 55 33 95 12 no 0.52 151 1.54
F 31 16 98 8 no 0,65 150 1.68
F 34 14 99 1 no 0.31 197 1.70
F 9 5 100 1 no 0.11 94 0.58
F 30 19 102 20 no 0.36 216 1.74
F 18 5 103 8 no 0.24 137 1.30
F 39 22 109 1 no 0.26 91 1.00
F 22 11 113 184 no 0.35 176 1.78
F 21 11 120 1 yes 0.63 204 1.94
F 35 24 122 20 yes 0.54 189 1.99
F 27 10 122 23 no 0.33 190 1.53
M 33 20 124 12 no 0.52 170 1.79
F 24 14 125 1 no 0.37 222 1.67
M 30 20 135 551 yes 0.67 111 1.61
F 20 9 136 26 no 0.23 244 1.49
M 22 14 147 1 no 0.42 208 1.72
M 30 23 154 160 no 0.32 170 1.60
M 40 22 154 3 no 0.50 283 2.23
M 23 17 157 30 no 0.82 280 2.80
parent. These studies were approved by the Committee for the
Use of Human Subjects in Research at the University of
Minnesota.
To confirm the accuracy of our Cc,. determinations as a
measure of glomerular filtration rate, 17 diabetic patients with
Cc,. ranging from 40 to 134 mI/mm/i .73 M2 had inulin clearances
(C1) determined using the constant infusion method after
establishing water diuresis by oral water loading. The constant
infusion protocol and inulin assays were completed by standard
techniques [14]. C,,. collected using our standard techniques
was highly correlated with C1 (r 0.92, P C 0.001).
Preparation of Tissue
At the time of the renal biopsy, the tissue was examined
under a dissecting microscope to insure that adequate glomeruli
were present in the sample. A portion of the sample was placed
in Zenker's fixative for one hr, washed in tap water, embedded
in paraffin, sectioned, and stained with periodic-acid Schiff
(PAS). Each section was numbered so that separate populations
of glomeruli on sections at least 100 micrometers apart could be
selected for study.
Small cubes (1 mm) for electron microscopy were fixed for
four hr in 2.5% gluteraldehyde in 0.17 M cacodylate buffer,
postfixed for one hr in 1% osmium tetroxide, and embedded in
Polybed 812 (Polysciences, Inc., Warrington, Pennsylvania,
USA). Thick (1 micron) sections were cut and stained with
toluidine blue in order to randomly select for thin sectioning the
centermost, non-sclerosed glomerulus that was at least one
tubular diameter from the edge of the tissue. Only totally
obliterated and scarred glomeruli with no open capillary loops
by light microscopy were omitted from sampling. Then thin
sections of 60 to 70 nanometer thickness were cut from each
selected glomerulus and placed on Formvar-coated slot grids.
Three glomeruli were studied for each subject except in two
subjects where only two glomeruli fitting the above critiera
were present on the biopsy specimen. Each thin section was
stained with saturated uranyl acetate and lead citrate. Each
glomerulus was photographed in its entirety on a JEOL 100 CX
electron microscope (Japan Electronic Optical Laboratory,
Tokyo, Japan) at a magnification of approximately 6000x.
Micrographs were placed together to form a montage of the
glomerulus as described by Osterby [6]. A calibration grid
(28,800 lines/inch, E. F. Fulham, Inc., Schenectady, New
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York, USA) was photographed with each montage and used to
determine actual final magnification. Previous work has shown
that in diabetes quantitative electron microscopic morphologic
measurements on two to three glomeruli is highly correlated
with semiquantitative light microscopic measurements in an
average of 25 glomeruli per biopsy [9].
Glomerular Volume Determination
Average glomerular volume was determined using the
method of Hirose and coworkers [15]. The average glomerular
area is first measured on light microscopic sections by point
counting and the mean glomerular volume then calculated.
Light microscopic sections that were at least 100 micrometers
apart were used to insure that each glomerulus was measured
only once. We studied all biopsies in which at least 20 individual
glomeruli were present, and all but one biopsy had more than 30
(51 21) (X sD) glomeruli. The percent sclerosed glomeruli
was determined on the same slides on which glomerular volume
was measured. We have previously determined that the percent
scierosed glomeruli in diabetic patients in the GFR range
studied here does not independently correlate with functional
parameters [9].
Morphometric Analysis
Fractional volumes (Vv) of total mesangium and capillary
lumen were determined using a double lattice square grid with
equally spaced coarse points 6 cm apart and equally spaced fine
points 3 cm apart so that each coarse point defined four fine
points. Fine points (PR) were counted to determine the number
of points falling on the glomerular component (Pa) of interest
while coarse points were counted to determine points falling on
the reference area (Pr). Since each coarse point defined four fine
points, then
and
4 X Pr = PR
Vv = Pa/PR, lLm3//hm3
A total of 2708 1668 fine points were counted per biopsy.
The relative surface densities (Sv) of the peripheral capillary
filtering surface and capillary lumen-mesangial interface were
obtained by counting intersections (I) of lines on the double
lattice square grid with each of the two surfaces of interest. The
loss of parallelism between endothelial and epithelial cells along
the glomerular basement membrane defined the transition be-
tween the peripheral capillary and the mesangium. Then,
SV = 2 'L 2 X II[(k + k) X Pr], tm2/jsm3
distance between 2 adjacent coarse points in m
where k =
magnification
so that the quantity [(k + k) x Pr] equals the total line length
over which the intersections are counted [16, 17]. The total line
length used for Sv was 4265 4051 m per biopsy.
The relative length density (Lv) of the glomerular capillaries
I I
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Fig. 1. Relationship between capillary filtration surface area! glomeru-
lus and creatinine clearance. (r = +0.78, P < 0.001).
was determined by counting the number of capillary profiles (Q)
on the glomerular montages:
Lv 2QA = [2 X Q]/[k2 X Pr], pmim3 [16, 17].
Average capillary diameter (D) was then calculated by:
D = 2 x V[Vv(capillary lumen)/Lv]/ir, sm.
Per glomerulus total mesangial volume, total capillary
lumenal volume, total peripheral capillary filtering surface, total
capillary lumen-mesangial surface, and total capillary length
were determined from products of the respective fractional
measurement and mean glomerular volume. Assuming a
glomerular population of two million in each patient [18] and
correcting for percent sclerosed glomeruli, the number of
glomeruli per patient was calculated. This value and the values
per glomerulus produced the estimate of total mesangial vol-
ume, total capillary lumenal volume, total peripheral capillary
filtering surface, and total capillary length per patient.
Statistical Methods
The linear regression method of least squares was used, with
structural data weighted for the number of glomeruli available
for the determination of glomerular volume. Multiple regression
analysis and the F test for multiple linear regression were used
where appropriate. Differences between groups of patients
were evaluated using Student's t-test. Statistical significance
was defined as a P value of < 0.01, this taking into account the
number of analyses performed.
Results
The peripheral capillary surface area per glomerulus was
highly predictive of CCr, the latter spanning the range from
renal insufficiency to hyperfiltration (r = +0.78, P < 0.001,
Fig. 1). This was true of filtration surface per patient as well (r
= +0.79, P < 0.001). In addition, there was a relationship
210
190
170
150
E
130
C
110
a)
C.,
90C
C
70
a,
50
30
0
•0
S
S
S
S
.
:5
$S
S
S5
S
5
S
892 Ellis et al
E
x
(I)
C)
C)
5)
E
a
C)
5)
E
C)
C
.f 0.6
'5
C)C
CS
CS
0.4
1.4
1.2
S
S.
$
.
S.
S
1.0
0.8
I I
C)
E2r
>5.
a
a
Ac.
Fig. 2. Relationship between crealinine clearance and both mesangial
volume/glomerulus and glomerular volume (R = +0.79, P < 0.001).
Total mesangium/glomerulus is graphed on the abscissa and creatinine
clearance is graphed on the ordinant. The height of the bars indicates
glomerular volume. Note that for any given mesangial volume/glomer-
ulus, a patient with a larger glomerular volume tends to have a higher
creatinine clearance than a patient with a smaller glomerular volume.
between C, and capillary lumenal volume per glomerulus, (r
= +0.58, P < 0.001) and capillary lumenal volume per patient(r = +0.62, P < 0.001). The ratio of peripheral capifiary
surface/glomerulus and capillary lumen-mesangial surface per
glomerulus did not correlate with capillary lumenal volume/gb-
merulus. This indicates that the relationship between peripheral
capillary filtration surface and capillary lumen-mesangial sur-
face per gbomerulus did not change predictably as lumenal
volume/glomerulus diminished, Not surprisingly then, the cor-
relation between C. and capillary lumen-mesangial surface
was not significant (r = +0.10, NS).
There was a trend towards an inverse relationship between
total mesangial volume/glomerulus and Ccr, (r = —0.42, P C
0.01). Multiple regression analysis showed that Cci. correlated
highly with mesangial volume/glomerulus and glomerular vol-
ume (r = +0.79, P C 0.001, Fig. 2), and importantly, mesangial
volume/glomerulus and glomerular volume together predicted
peripheral capillary filtration surface/gbomerulus with remark-
able precision (r = +0.93, P C 0.001). Thus, it appears that an
important determinant of lhe influence of mesangial volume on
filtration surface relates to glomerular volume (F = 8.51, P C
0.005 using regression analysis to compare mesangial
volume/glomerulus to filtration surface/glomerulus versus both
mesangial volume/glomerulus and glomerular volume to filtra-
tion surface/gbomerulus); those individual patients with moder-
ately increased mesangial volume and large glomeruli tend to
have preservation of filtration surface and Cci. while patients
with a similar increase in mesangial volume and relatively
smaller glomerular volume tend to have decreased filtration
surface and creatinine clearance.
Capillary length per glomerulus and per patient were corre-
lated with Cc:r (r = +0.46, P C 0.01; r +0.57, P C 0.001,
respectively) while average capillary diameter did not relate to
Cci. (r = +0.15, NS). However, diameter and length together
are an expression of capillary lumenal volume (r = +0.94, P C
0.001), and lumenal volume, as noted above, was closely
associated with Cc,.
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Fig. 3. Capillary filtration surface area/glomerulus and mesangial
volume/glomerulus in normotensive and hypertensive patients.
The mean values for mesangial volume/glomerulus and filtra-
tion surfaee/glomerulus differed in normotensive and hyperten-
sive patients (P C 0.001 and P <0.001, respectively) (Fig. 3).
No difference was seen between the normotensive and hyper-
tensive subjects in mean values for capillary length per
glomerulus, lumenal volume per glomerulus, or average capil-
lary diameter. The mean values for mesangial volume/glomer-
ulus and filtration surface/glomerulus in patients with urinary
albumin excretion C 250 mg124 hrs differed from values in
subjects with urinary albumin excretion > 250 mg/24 hrs (P C
0.001 and P C 0.001, respectively) (Fig. 4). No significant
differences were seen between these two groups of patients in
average lumcnal volume/glomerulus or capillary length per
glomerulus while average capillary diameter (P c 0.02, NS)
bordered on significance. The seven patients with C 250 mg
albumin/24 hr whose urinary albumin excretion rates were in
the microalbuminuria range did not appear to have glomerular
structural parameters different from those with normal levels of
urinary albumin (Fig. 4).
Discussion
The patients studied here may not be a totally representative
cross section of type I diabetes since they were usually evalu-
ated because they had difficulty in diabetes management or
manifested one or more of the major complications of diabetes.
However, a broad spectrum of renal lesions and renal function
varying from supranormal to a level approaching end-stage
renal disease was represented; further, there is no reason to
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doubt the validity of the relationships found between actual
glomerular structure and renal function. GFR in these patients
was estimated by creatinine clearance. This test, when carefully
performed, in diabetic patients with GFR in the range of our
patients provides results which are highly correlated with GFR
as measured by plasma disappearance of 5tCr-EDTA [19], and
thus with inulin clearance [20]. Similarly in 17 patients where
both Ccr and C1. were completed, the two measures of GFR
were highly correlated. Thus, CCr appears to be an adequate
measure of GFR in these diabetic patients.
The standard stereologic techniques employed on the biopsy
material in this study provide results which are highly reliable.
Variability in these measurements stem from both biological
variation and sampling variation. Here the fractional parame-
ters were estimated by studying three randomly chosen
glomeruli from a percutaneous renal biopsy. Previous work has
shown that quantitative morphologic measurements on electron
micrographs for two to three glomeruli are highly correlated
with semiquantitative light microscopic measurements in many
more glomeruli [9]. Further, studies validating the assignment
of discrete values to the morphometric measurements based on
three glomeruli in diabetic patients has been reported [9].
Additionally, the biologic variation inherent between subjects is
much greater than variation generated due to sampling [21, 22].
An additional source of error in the calculation of filtration
surface per patient lies in the estimate of two million glomeruli
in each subject. The value of two million glomeruli per subject
is an estimate and, thus, the value of filtration surface per
patient is an approximation.
We have previously argued, based upon fractional glomerular
structural analyses, that expansion of the glomerular mesan-
gium in type I diabetes was the critical lesion determining renal
functional outcome and that this resulted from the influence of
mesangial expansion on contiguous structures, especially the
peripheral capillary filtration surface and the capillary lumen
[9]. Yet, in the current studies actual measures of mesangial
expansion did not correlate as well with GFR as did filtration
surface per glomerulus or per patient. This is best explained by
the greater precision with which actual mesangial volume and
glomerular volume together predict surface compared to either
variable alone. It appears, stated simply, that increased mesan-
gial volume within a relatively large glomerulus has less influ-
ence on filtration surface than does a similar increase in
mesangial volume within a smaller glornerulus. Since our earlier
studies [9] considered mesangial expansion as a fraction of the
reference volume (i.e., glomerular volume), the emergence of
close relationships between percent mesangium and both pe-
ripheral capillary surface density and GFR [9] can now be more
clearly understood.
The relationship between peripheral capillary filtering surface
and GFR confirms and expands the work of Hirose et al [7]
which demonstrated a striking correlation between GFR and
filtering surface in early diabetic patients with hyperfiltration.
Our data demonstrate that the relationship between GFR and
filtration surface holds throughout the range of GFR from
hyperfiltration to significant hypofiltration. Filtration surface is
one of the parameters that, along with hydraulic conductivity of
water across the glomerular capillary wall, determine Kf, the
ultrafiltration coefficient [23]. In most animal studies in which
Kf was estimated, filtration surface was unknown [24—26].
However, Savin, in studying glomeruli isolated from normal
animals [27] and man [28], has shown a direct correlation
between an estimate of filtration surface and Kf. In the current
study filtration surface is known but the glomerular hemody-
namic parameters are not. Nonetheless, it is attractive to
hypothesize from our work that diabetic man is in filtration
disequilibrium [23]. Obviously, this suggestion is speculative
and confirmation requires far more sophisticated renal physio-
logic studies than those performed here.
Filtration surface is greater and mesangial volume smaller in
normotensive than in hypertensive subjects. Absolute filtration
surface per glomerulus in hypertensive subjects is restricted
compared to our preliminary normal values of 130 53 X iO
xm2. However, these normal values are based on a study of
only six normal human kidneys and needs to be expanded
before full acceptance of this comparison. Additionally, filtra-
tion surface is restricted and mesangial volume expanded in
patients with urinary albumin excretion rates in the clinical
proteinuria range. It appears that structural changes in filtration
surface and mesangial volume are present when hypertension
and clinical proteinuria are present. On the other hand, an
enigma is our inability to detect structural differences between
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IDDM patients with microalbuminuria and those with normal
urinary albumin excretion rates both in this study and in an
expanded assessment of this question which is currently ap-
proaching completion 1291. Further physiologic [14, 301, bio-
chemical [311, or histochemical [321 studies of the molecular
basis of glomerular permselectivity in diabetes may expand our
understanding in this confusing area.
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